An interface core taken in Capbreton canyon shows a succession of sedimentary facies interpreted as classical Bouma turbiditic sequences. Activities of 234 Th and 210 Pb suggest that the deposition of the most recent turbidite was triggered by the violent storm that affected the Atlantic coast of southern France on the 27 th of December 1999, about four months before the sampling of the core. This turbidite allows us to study the ongoing diagenesis of the new sediment layer and of the previous sediment-water interface, which has been buried and only slightly eroded. A study of benthic foraminiferal populations informs us about the rate of benthic ecosystem recovery after such a major ecosystem disturbance event. The composition of the benthic foraminiferal fauna suggests that the benthic ecosystem in Capbreton canyon remains in an early stage of colonization. The rare agglutinant taxon Technitella melo appears to be the first colonizing species. It is suggested that Technitella melo is advantaged by the food-impoverished conditions in the days following turbidite deposition. Almost all of the turbidite layer and the previous oxic sediment-water interface contain reduced dissolved metal species and were anoxic. The buried interface contains Fe-and Mn-oxides inherited from its recent oxic past. The reduction of manganese oxides was in progress at the time of core collection. The reduced Mn remained trapped in the sediment as Mn-containing carbonates. Iron-oxides did not undergo significant reductive dissolution. The top of the newly deposited turbidite formed an oxic layer, which was rapidly enriched in metal-oxides. The enrichment of manganese oxides was mostly due to the oxidation of dissolved Mn 2ϩ , which diffused from below. The enrichment of iron oxides is explained both by the oxidation of the upward flux of dissolved Fe 2ϩ , and by the input of detrital iron oxide after, or as a result of the turbidite deposition.
Introduction
The deposition of turbidites in marine environments results from gravity flows triggered by mass wasting events, during which several centimeters or meters of new sedimentary material can be rapidly deposited on top of autochthonous sediments (Bouma, 1962; Mulder and Cochonat, 1996) . The gravity flow may either erode the previous sediment-water interface, or preserve it below the newly deposited sediments. In both cases the ongoing biogeochemical and biological processes will be strongly disturbed. The aim of this paper is to study these changes, especially those affecting the redox state of the dominant elements, and the biological response to the disturbance, evidenced by benthic foraminifera, a dominant element of deep-sea meiofauna (Gooday et al., 1992) .
One of the major biogeochemical changes accompanying turbidite emplacement is the isolation of the former sediment-water interface from oxygenated seawater. For example, Fe-and Mn-oxides are solid in oxic conditions, and are generally enriched in the oxic layer at the top of the sediment. In case of a rapid oxygen depletion of the sediment-water interface, the metal oxides may either dissolve and migrate through the sediment column (Mucci and Edenborn, 1992) , or they may persist for years and form an oxic barrier for reduced species at depth within the sediment. The return to steady-state conditions at the fossilized interface will depend on the relative proportion of reduced and oxidized species and the kinetics of the biogeochemical processes. Several studies have described non-steadystate diagenesis linked to the deposition of turbidites. Most of these papers describe modifications of the sediment geochemistry caused by turbidite deposition on a millennial time scale (e.g. Wilson et al., 1985; DeLange, 1986; Buckley and Cranston, 1988; Thomson et al., 1998) or, at best, a decadal time-scale (Mucci and Edenborn, 1992) . Observations of the evolution of redox-sensitive species toward a new steady state have only been described for a sediment layer deposited in Saguenay fjord after a catastrophic flash flood in 1996 (Deflandre et al., 2000; .
Benthic foraminiferal colonization has been studied intensively in nearshore and in laboratory settings. An excellent overview of the most significant results is given by Alve (1999) . There appears to be an important difference between two types of environments. In areas with a high hydrodynamic energy (current velocities Ͼ 20 cm/s), recolonization may be nearly instantaneous, and faunas comparable to those before the disturbance event may install in a couple of days. In low energy environments (current velocities Ͻ 10 cm/s), on the contrary, it may take many months, or even years to arrive at faunas with a density, species variability and equitability comparable to the original faunas. In this case, a classical ecological succession develops, with a first colonization of a low diversity opportunistic pioneer fauna, followed by several intermediate faunas, before arriving at the highly diverse, specialized climax community (Alve, 1999) . Certain negative aspects of the newly available environment, such as the presence of anoxic conditions, or strongly diminished food availability, may cause significant delays.
Few data (see Alve, 1999 for an overview) exist on foraminiferal re-colonization of deep-sea environments. Hess and Kuhnt (1996) conclude that even several years after the 1991 Mt Pinatubo ashfall, the faunas were still far from total recovery. Very little information is available about re-population after turbidite deposition. Jorissen et al. (1994) , who studied live foraminiferal assemblages in Wilmington and South Hayes Canyon (off New Jersey, USA), conclude that the rather poor, low diversity, and surface living faunas represent a first stage of ecosystem colonization. They speculate that in these very active canyon environments foraminiferal faunas will often remain in early colonization stages, and will not fully recover. Therefore, it is very difficult to define the characteristics of the climax community.
The top of the sedimentary sequence recovered at 650 m water depth in the canyon of Capbreton contains a turbidite, presumably deposited only a few months before sampling (Mulder et al., 2001) . The most probable natural event capable of triggering the turbidity current was the violent storm that affected the southern French Atlantic coast on the 27 th of December 1999. The material collected on the 2 nd of May 2000 gives us the opportunity to study the transient behavior of redox sensitive species in the buried sediment-water interface and the biogeochemical properties of the newly formed sediment-water interface. Furthermore, it allows us to observe the state of foraminiferal recolonization 4 months after the disturbance event, which created a more or less abiotic environment, which will subsequently be recolonized.
Material and methods
The studied sediment was collected with an SMBA multi-corer in the southeastern part of the Bay of Biscay, at 647 m depth (station K), in the axis of Capbreton canyon (Fig. 1) , on the 2 nd of May 2000, during cruise Oxybent 10. The bottom waters are North Atlantic Central Waters, with an in situ temperature of 10.7°C (Ogawa and Tauzin, 1973) . Capbreton canyon is one of the largest European submarine valleys. The axis is a location of turbidite deposition (Nesteroff et al., 1968) . The SMBA multi-corer allowed us to sample the first decimeters of the sediment, the overlying bottom waters, and the undisturbed sediment-water interface, in a 10 cm diameter plexiglas tube. Overlying water samples were collected immediately after core recovery for dissolved O 2 measurements, using the Winkler titration method (Strickland and Parson, 1972) . Profiles of pore water O 2 were measured on board using a cathode-type mini-electrode (Revsbech and Jørgensen, 1986; Helder and Baker, 1985; Revsbech, 1983) . The measurement was performed at a 1 mm step 5 mm above the sediment-water interface, within the bottom water recovered with the multi-tube device, and 20 mm below, in the sediment. It was completed within 15 min after core recovery. Subsequently, the core used for O 2 profiling was sliced in thin horizontal sections (0.5 cm for the top 2 cm, 1 cm below, and 2 cm at the bottom) within 90 minutes. For each level a sub-sample was immediately sealed in a pre-weighed vial and frozen under inert atmosphere (N 2 ) for further analyses of porosity and solid fraction. Another subsample was centrifuged under N 2 at 5000 rpm during 20 min in order to collect pore waters. Two aliquots of water were filtered (0.2 m) and frozen at Ϫ25°C for nutrient analyses, and the other aliquot was filtered and acidified with ultrapure HNO 3 for dissolved Mn and Fe analyses. This sub-sampling has been used routinely for all cores of the eleven Oxybent cruises (Anschutz et al., 1999) . The vertical resolution for pore water analyses is high at the top and slightly poorer below. However, our sampling procedure allowed us to extract three samples below the recent turbidite. A second tube of the same multi-core employment was brought back to the laboratory and opened (in late May 2000) for sedimentological observations and high-resolution sub-sampling of the solid fraction. A third core was sampled for benthic foraminifera immediately upon retrieval. The top ten centimeters of the core were sliced, the 0 -1 cm interval into 0.25 thick slices, the 2-4 cm interval into 0.5 cm slices, and the 4 -10 cm interval into 1 cm thick slices. Sediment was stored in 250 ml bottles, which were filled with 95% ethanol and contained 1 g/l Rose-Bengal stain (Lutze and Altenbach, 1991) . In late May 2000, the five cm below the turbidite were sampled in the second tube (see before), and underwent the same treatment. Foraminiferal samples were sieved through 63 and 150 m mesh screens. All sieve fractions were preserved in 95% ethanol. Foraminifera were picked from a solution of 50% ethanol, and stored in Chapman slides. When we discovered the presence of a recent turbidite, about three weeks after sampling, new samples were collected immediately below the turbidite. This paper concentrates on the foraminifera found in the Ͼ150 fraction. The concentration of living (stained) benthic foraminifera as well as planktonic foraminifera is expressed as the number of individuals per 50 cm 3 . Bi. Porosity was determined by comparison of the weights of wet and freeze-dried sediment. The freeze-dried solid fraction was homogenized and the water content used to correct the analyses for the presence of sea salt.
Particulate sulfur (S tot ) and total carbon were measured on the dry sediment using a Leco C/S 125. Inorganic carbon (C inorg ) was measured by automated calcimetry with 6N HCl from 250 mg of powdered sample. Organic carbon (C org ) is calculated as the difference between total carbon and C inorg . Wet samples were subjected to an extraction technique for the determination of reactive particulate Fe-and Mn-oxides. The most reducible fraction was extracted with an ascorbate solution buffered at pH 8 (Ferdelman, 1988; Kostka and Luther, 1994; Anschutz et al., 1998) . About 1 g of wet sample was leached with a 25 ml solution during 24 hours while shaking continuously at room temperature. Iron extracted with ascorbate (Fe ASC ) comes from amorphous iron oxides. Specific tests on particulate-Mn extraction with ascorbate (Mn ASC ) have not yet been published. It has been shown in our laboratory, however, that it represents the complete fraction of Mn-oxides. Mn ASC is extracted at pH 8, which suggests that Mn-carbonates are not leached. Mn and Fe were measured by flame atomic absorption spectrometry.
Interstitial water compounds were analyzed using techniques adapted for small volumes of samples. Nitrate was measured by flow injection analysis (FIA) according to Anderson (1979) . Ammonia was analyzed with the FIA method described by Hall and Aller (1992) . Dissolved Fe was measured with the colorimetric method using ferrozine (Stookey, 1970) . Dissolved Mn 2ϩ was determined by atomic absorption spectrometry. The pH was measured onboard with an electrode calibrated using three NBS buffers and a synthetic seawater TRIS buffer solution.
Results

a. Core description
Macroscopic observation of the core shows three sedimentary units noted S1, S2 and S3 from top to bottom. A detailed description of these sedimentary sequences, based on an X-ray imaging system and grain size measurements, was presented earlier by Mulder et al. (2001) . The two topmost units, S1 and S2, are separated by an erosive contact; also the contact between units S2 and S3 is rather sharp. Ocher (10YR 6/5) oxidized layers containing Rose-Bengal stained benthic foraminifera are located below the contact between S1 and S2. Sequence S3 is a fining-up sequence with its base missing due to insufficient coring depth. Grain size grades up from fine sands to clayey silts. Sequence S2 is 5 cm thick. It contains only a fine silty clay facies with slight bioturbation at its top, overlain by an oxidized layer. Sequence S1 is the most complete one. It is 18-cm-thick, fining-upward, and shows a clean sandy facies with mud clasts at the base, above an erosive basal contact. This 3 cm thick basal part is overlain by a facies with convolute laminations and by a facies with parallel laminations. The latter facies is marked by an increase of porosity. The sequence ends with a 6 cm thick silty-clay facies similar to the facies observed in S2 with slight bioturbation in the top centimeter. A 1 cm-thick oxidized facies has developed at the top of the core. The facies succession and the progressive fining-up trend suggest that the three sequences observed in core K correspond to classical Bouma sequences (Bouma, 1962; Shanmugam, 1997) . The unlaminated facies at the top of the three sequences is interpreted as the composite of the finest, topmost part of the turbiditic facies and the hemipelagic, clay sedimentation in the months following turbidite deposition.
b. Foraminiferal distribution
Sequence S1 contains a fairly rich stained benthic foraminiferal fauna, which is entirely concentrated in the oxic layer (Fig. 2 , Table 1 ). The bulk of the live specimens (88%, 528 out of 601) are even found in the first two 0.25 cm levels. The fauna is strongly dominated by Technitella melo, which accounts for 79% of the total. Stainforthia concava (6%), 
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Bulimina marginata (5%) and Bolivina subaenariensis (7.5%) are the main accompanying taxa. The former two species are mainly present in the first two 0.25 cm levels, whereas B. subaenariensis is found slightly deeper, and has a maximum in the 0.5-0.75 cm level. Eight rarer taxa account for the remaining part of the fauna. Planktonic foraminiferal tests ( Fig. 3 ) are fairly abundant in the first cm (about 150 tests per 50 cc), in the second cm their density drops to about 50 tests per 50 cc, and in all deeper levels only trace quantities are found.
The top of sequence S2 was sampled in less detail. The topmost 0 -1 cm level contains 231 weakly stained specimens, the 1-2 cm only 3 weakly stained specimens. The fauna is dominated by B. marginata (43%), B. subaenariensis (34%) and Hyalinea balthica (15%). Six other rare taxa complete the assemblage. Planktonic foraminiferal tests are relatively abundant (50 -70 tests per 50 cc) in the first 2 cm; only trace quantities were found in deeper layers (Fig. 3 ).
c. Geochemistry
With its very short half-life of 24 days, 234 Th exc should be present only at the water-sediment interface. The top of S1 has an extremely high 234 Th exc activity, of 3600 Bq/kg. However, the activity remains high in the top 6 cm of the core (Fig. 4) , suggesting an efficient mixing of the sediment. The preservation of the turbiditic sequences (Mulder et al., 2001) suggests that the post-depositional mixing of the particles was low. The activity of 234 Th exc detected below the sediment-water interface is probably a residue of the 234 Th, which has been trapped on the fine particles during the turbiditic event, and before their settling. The detectable activity of 234 Th exc indicates that the turbidite has been deposited within less than a few months before core collection. Also the interface between S1 and S2 shows a high 234 Th exc activity. This suggests that this former sediment-water interface has been covered very recently by the turbiditic sequence S1. The most probable natural event able to trigger the turbidity current is the violent storm that affected the southern Atlantic coast of France the 27 th of December 1999 (Mulder et al., 2001) .
Therefore, the time elapsed between the turbidite event and the core sampling was probably 127 days. 127 days corresponds to more than 5 half-lives of the radioactive decrease of 234 Th, which indicates that the activity of 234 Th exc at the top of S2 was close to 1600 Bq/kg at the time of the turbidite emplacement. Such a high activity is common for the top sediments of the Capbreton canyon (Hyacinthe et al., 2001) . The top parts of S1 and S2 show a high 210 Pb exc activity (half-life of 22.3 years) (Fig. 4) Pb exc adsorbed on particles. In the sequence S1, the downward decrease of the 210 Pb exc activity can be related to the increase of grain size.
The dissolved O 2 concentration in the bottom water was 202 mol/l, which corresponds to concentrations measured earlier at this water depth (Ogawa and Tauzin, 1973) . Oxygen concentration decreased 2 mm above the sediment-water interface and reached the zero level at only 7 mm depth, and remained at zero deeper down. The bottom water pH was 7.78. It dropped to 7.26 in the upper part of the core and continued to decrease below to values between 7.2 and 7.0. The pH increased again to 7.23 in the sample located just below the S1-S2 interface (Fig. 4) .
The organic carbon content is above 1.5 wt% at the top of S1 and S2 (Fig. 4) . The concentration drops below 1 wt% in the silty and sandy facies in the lower part of S1. It was close to 0 at 16 cm depth at the bottom of unit S1. The C inorg concentration of the sediment has a mean concentration of 2.0 wt%. This concentration does not vary significantly along the profile. However, values lower than 1.8% were measured at the very top of the core, at the top of the S1-S2 interface, and at the sandy bottom of S1.
The nitrate concentration was close to 15 mol/l in the bottom water and decreased sharply within the oxic layer to values lower than 2 mol/l (Fig. 5) . We observed a peak of 5 mol/l at the bottom of S1. The concentrations of dissolved NH 4 ϩ were below the detection limit in the bottom water and they increased in a regular manner in the upper part of the S1 unit. They reached a concentration above 600 mol/l below unit S1 (Fig. 5) . Dissolved manganese became detectable in samples where the oxygen concentration reached values close to zero. Below, the Mn 2ϩ concentrations increased sharply to values which stay close to 50 mol/l. The sample located at the top of S2 had a concentration peak of 110 mol/l (Fig. 5) . The profile of dissolved Fe was more irregular than that of Mn 2ϩ
. Dissolved iron appears 5 mm below dissolved manganese. It increases below to concentrations up to 650 mol/l. Dissolved iron decreases at the bottom of unit S1 but increases again to 200 mol/l in unit S2.
The profiles of reactive metal oxides extracted with ascorbate ( Solid sulfur represents less than 20 mol/g in the oxic part of the core. The concentrations increase below the oxic layer. The shape of the S TOT profile in the S1 unit is very similar in shape to the Fe ASC profile.
Discussion
a. Rose Bengal staining
Rose Bengal stain is commonly used for the recognition of live benthic foraminifera. This non-vital stain, which attached to proteins, ideally provokes a bright pink color. Unfortunately, rose Bengal will stain both healthy and necrotic protoplasm, as well as bacterial films at the test interior (Bernhard, 1988; . Because of interspecific differences in staining intensity, criteria have to be selected for each taxon. But even within a taxon, important variability of staining intensity may be found, increasing the subjectivity of the method. Nevertheless, the rose Bengal technique is still the only methods, which allows us to recognize the living foraminifera in large assemblages of mixed (alive and dead) foraminiferal tests.
Because of the appearance of fairly rich stained faunas in anoxic sediments, several authors (e.g. Douglas et al., 1978; Corliss and Emerson, 1990; Jorissen et al., 1995) have questioned whether these stained tests really correspond to live individuals, or, rather, to dead specimens which were preserved in anoxic conditions, where protoplasm decay may be a relatively slow process. Douglas et al. (1980) estimated that about 30% of stained foraminifera found in anoxic sediments in Santa Monica Basin, showed signs of protoplasm decay, and were probably dead at the time of collection. Bernhard (1988) showed that foraminifera still stained four weeks after their death in oxic conditions. Corliss and Emerson (1990) estimate maximum values for the protoplasm decay period of 0.07-2 years at the oxic sediment-water interface, and 2-80 years in deeper sediment layers. Unfortunately, none of these authors mention how exactly the protoplasm of dead foraminifera is stained. In our experience (which is based on the analysis of the faunas of more than 50 stations down to 5 to 10 cm depth in the sediment), most specimens found at the sediment surface, have all chambers clearly stained (often with the exception of the last chamber). But also for these presumable living specimens, the brightness of the staining is very variable between species. In specimens sampled in well oxygenated sediments, the difference between stained and unstained specimens is obvious, protoplasm degradation is apparently rapid, and the subjectivity involved in the quantification of the living fauna is minimal. In the deeper, dysoxic or anoxic sediment layers, a wide range of staining intensities can be found. Some specimens are still brightly stained, in others, perhaps recently dead specimens with necrotic protoplasm, staining is duller, and in still other specimens, perhaps with a more advanced state of protoplasm decay, only a few chambers are weakly stained. It is evident that the quantification of the live faunas is more subjective here. The risk of identifying important amounts of dead foraminifera as living one can be minimized by the application of very strict staining criteria, based on observations on the staining of the same species in the surface sediment layer.
Unfortunately, the faunas from sequence S2 were only stained about 4 weeks after core retrieval. Therefore, the weakly stained specimens found in the top of this sequence, all of which are rejected as living by our usual staining criteria, cannot be interpreted unambiguously. The faunas may have still been alive at the time of sampling, and in that case the weak aspect of the staining could be due to partial protoplasma degradation in the four weeks following sampling. A second, in our opinion more probable, possibility is that dead specimens still stained weakly several months after the deposition of the turbidite, and the ensuing death of the foraminifera. This prolonged period of time can be explained by the fact that the sediment at the top of sequence S2 rapidly became anoxic after the deposition of sequence S1. In both cases, the presence of these weakly stained foraminifera confirms that the deposition of sequence S1 took place in the recent past. Unfortunately, this information does not allow us to precise the period elapsed since the death of the foraminiferal fauna.
b. Benthic foraminiferal recolonization
The recent fauna is strongly dominated by Technitella melo. This rather poorly known agglutinated taxon has been described from low oxygen environments (Bernhard, 1992) . In the Bay of Biscay, the taxon has never been encountered in any of the other ten sampling stations (e.g. Fontanier et al., 2002) . The accompanying three taxa are more common, and are typical of the Capbreton canyon area. Bolivina subaenariensis, H. balthica and, to a lesser degree, Bulimina marginata strongly dominate the extremely rich live faunas (up to 8600 specimens under a 72 cm 2 surface) sampled at station G, positioned in the Capbreton Canyon at 450 m depth (unpublished data). B. subaenariensis has been described as a major species in an assemblage influenced by periodic upwelling off Florida (Sen Gupta et al., 1981) . S. fusiformis is considered as an opportunistic early colonizer (Alve, 1994; 1999) . Many other references show the success of these taxa in high productivity (and sometimes low oxygen) environments, confirming the opportunistic behavior of these taxa. We think that both the surface fauna and the fauna at the top of turbiditic sequence S2 correspond to an early stage of ecosystem colonization. The very low species diversity, the sediment surface microhabitats and the opportunistic behavior of the dominant taxa strengthen our opinion. These early stages of colonization would mean that the periods of time between the successive turbiditic sequences is in most cases too short to reach more mature faunas. A similar phenomenon was observed in Wilmington Canyon (Western Atlantic), where low foraminiferal densities and a total absence of foraminifera below the first cm were explained by the physical instability of the canyon environment, keeping the faunas in an early stage of colonization (Jorissen et al., 1994) .
In the case of Capbreton canyon station K, Technitella melo, which we never observed in our other ten stations from the Bay of Biscay, was probably one the first species colonizing the abiotic environment after the deposition of the turbiditic sequence S1. In more advanced stages of ecosystem colonization, represented by the slightly more diverse fauna on top of sequence S2, this taxon is probably absent because of its lower competitive abilities in comparison with other taxa. We speculate that T. melo, which is otherwise a very rare species, strongly dominates the recolonizing assemblage, because it may be adapted to the rather specific conditions following turbidite deposition. The turbiditic sediment is composed of silts with about 1.8% of organic matter. Although this concentration of organic matter is very high for deep sea sediments, visual inspection suggests that it concerns mainly plant debris. Since cellulose is not metabolisable without the intervention of fermenting anaerobic microbial communities (Fenchel and Finlay, 1995) , it is possible that despite the elevated percentage of organic matter, the environment was very oligotrophic in the first days after turbidite deposition. We speculate that T. melo could be a species specialized in colonizing such an oligotrophic environment. The eventual absence of suitable food particles in an initial colonization stage of colonization could also explain the relatively long recovery time.
The absence of T. melo in the living as well as dead assemblages of sequence 2 is intriguing. It seems highly improbable that the species was living here in December 1999, just before turbidite deposition, and that all tests subsequently disintegrated (a common phenomenon for certain agglutinated taxa) in the few months following turbidite deposition. Another possibility would be that the completely population of this surface-living taxon was swept away during turbidite deposition, together with the topmost millimeters of the sediment. However, also this possibility is very unlikely in view of the presence of living T. melo down to 1 centimeter, and the absence of a clear vertical species succession in the recent fauna. Therefore, we conclude that for an unknown reason, Technitella melo did not make part of the foraminiferal fauna recolonizing turbiditic sequence S2.
c. Depth of bioturbation
The planktonic foraminiferal record shows a clear two-stepped density-profile. The maximum densities (about 150 specimens/50 cc) in the topmost 0.5 cm of sequence S1, are interpreted as the result of a direct input by hemi-pelagic sedimentation after the deposition of turbiditic sequence S1. The intermediate densities (about 50 specimens/50 cc) found between 0.5 and 1 cm, on the contrary, are probably the result of downward mixing by the benthic fauna. This is confirmed by the presence of scarce live benthic foraminifera in this depth interval. The same interpretation is probably valid for sequence S2. The relatively low density, of planktonic as well as benthic foraminifera, in the topmost cm suggests the top of sequence S2 comprises only the lower part of the former hemipelagic sediment. The upper part (a few mm) of sequence S2 has probably been eroded during the deposition of turbiditic sequence S1. The slightly lower numbers (about 50 specimens/50 cc) in the 1-2 cm level of sequence S2, suggests that these tests have been introduced there by bioturbation. Below the second cm of sequence S2, only trace quantities of planktonic foraminifera are found.
d. The distribution of redox species
i. The establishment of the anoxic condition. The arrival of a turbidity current provokes a mixing of allochthonous particles, pore waters, and oxic bottom waters. The composition of the interstitial waters and sedimentary particles of core K is the result of the geochemical reactions and diffusive transport of dissolved compounds since the deposition of the turbidite. The disappearance of oxygen in almost the entire core, and particularly at the previous interface at the top of unit S2, indicates that enough time has elapsed to allow the consumption of all free oxygen by oxidation of reduced species, like Fe-sulfide, or organic carbon through oxic respiration. The high organic carbon concentrations (around 2%) suggest that the O 2 consumption was probably fast. We have conducted an experiment in which anoxic sediments, collected from a neighboring station with a very similar concentration of organic carbon, were vigorously mixed with O 2 -saturated seawater with a fresh sediment:seawater volume ratio of 1:1. After 24 hours, O 2 was totally consumed. This experiment confirms that O 2 will be rapidly consumed after isolation of the sediments from oxygenated bottom waters, and explains the absence of free oxygen below the several month old turbidite.
The presence of reduced dissolved species in unit S1 could result from diffusion of these species from below. However, dissolved Fe does not show a diffusion profile. It shows a layer where dissolved Fe is produced, probably due to the reduction of particulate Fe(III) phases, located in the first decimeter below the oxic layer. Therefore, anaerobic processes occur in the newly deposited unit S1, where oxic particles are reduced. We have observed concentrations of Fe ASC above 50 mol/g in unit S1, which indicates that reactive Fe(III) phases are available to sustain the reaction of Fe(III) reduction. The particulate sulfur profile follows the Fe ASC profile. Therefore, reactive Fe(III) phases may have resulted from the partial oxidation of iron sulfide after the mixing of reduced and oxic sediments during the turbidite event. Both dissolved oxygen or particulate Mn-oxides are potential oxidants for iron sulfides.
ii. The new oxic layer. The high concentrations of Mn ASC and Fe ASC at the top of the core results first from an accumulation of Mn-and Fe-oxides linked to the oxidation of dissolved Mn(II) and Fe(II) diffusing upwards from the anoxic sediment, and second, from the deposition of oxides with detrital particles of background sedimentation after turbidite deposition. The first process occurs, since we have observed a concentration gradient of dissolved Fe and Mn. The establishment of such an oxic layer by the diffusion process needs time. The time required for this accumulation of oxides can be estimated using a diffusion model, assuming that the detrital input was zero, and the gradient of dissolved Fe and Mn remained constant during time. This assumption is probably erroneous, but it allows us to calculate a rough maximum age for the turbidite.
First we have calculated from the porosity and concentration data the excess of Mn ASC and Fe ASC present in the oxic layer of the sediment in comparison with the underlying sediment. In a surface section of 1 cm 2 , the excess of Mn is 4.4 mol and the excess of Fe is 20 mol. The comparison of these values with a diffusive flux expressed in mol per cm 2 per unit time allows us the estimation of the time required to develop the observed metal-oxide enrichment.
The fluxes of species dissolved in pore waters can be calculated, assuming transport by molecular diffusion, from the concentration gradients according to Fick's first law: J ϭ ϪD s dC/dX, where J is the flux, is the porosity, dC/dX is the concentration gradient, and D s is the bulk sediment diffusion coefficient corrected for tortuosity, i.e.
where is the tortuosity and D o is the diffusion coefficient in water (Berner, 1980) . D o values were obtained from Li and Gregory (1974) and the value of 2 is assumed to equal to 1 Ϫ ln ( 2 ) (Boudreau, 1996 accurately, because it occurs within two successive 0.5 cm-thick samples. The concentration of dissolved Mn is 36 mol/l in the 1-1.5 cm sediment slice and close to zero mol/l in the 0.5-1 cm slice. Therefore the decrease of 36 mol/l occurs within 0.5 cm at the most, and probably less. Then, the calculated gradient is at least 72 nmol/cm 4 . The diffusive flux calculated with this minimum value is 0.213 pmol/cm 2 /s. This flux can supply the Mn in excess in the oxic layer within 8 months. If we consider a concentration gradient, which is twice higher than the estimated minimum value, then, the excess Mn is supplied in 4 months, which corresponds approximately to the time elapsed between the core sampling and the estimated date of turbidite formation in December 1999. Therefore, this constant diffusion model accurately explains the peak of particulate Mn in the oxic layer.
The concentration gradient of dissolved Fe is linear between 3.5 and 1 cm depth. The diffusion flux calculated from this gradient is 0.443 pmol/cm 2 /s. This flux supplies the excess of Fe present in the oxic layer in 1.4 years. This value is higher than the time estimated for Mn. This suggests that the processes that control the enrichment of metal oxide at the top of newly deposited sediments are not quantitatively the same for Mn and Fe. An important part of the Fe in excess probably originates from a downward flux of sedimenting Fe(III) particles rather than exclusively from an upward flux of dissolved Fe. It is also possible that the profile of dissolved Fe is not at steady state.
iii. The previous sediment-water interface. The top of S2 unit is also enriched in Mn ASC and Fe ASC . This suggests that the sediment-water interface formed prior to the deposition of unit S1 has only been eroded very weakly, or even not at all. However, both sedimentological (erosive contact) and foraminiferal evidence argue for erosion of the top millimeters. The presence of metal oxides indicates that they have not been totally reduced within the few months after being buried in an anoxic environment. The profile of dissolved Mn shows however a maximum concentration in the sample located at the top of S2. This peak clearly indicates that Mn-oxides were being reduced at the time of core sampling. Except this peak, the background concentration of dissolved Mn in the core is relatively constant, and close to 50 mol/l. Therefore, the concentration of Mn is probably controlled by an equilibrium with a solid phase. The removal of dissolved Mn could be related to the precipitation of secondary Mn-containing carbonates. The precipitation of authigenic carbonates is favored by the production of alkalinity linked to anaerobic mineralization of organic carbon (Mucci et al., 1999) . Dissolved manganese is most likely precipitated as a mixed calcium-manganese carbonate (Middelburg et al., 1987) as the pore waters become supersaturated with respect to both calcite and rhodochrosite following the production of carbonate alkalinity via sulfate reduction. At the top of S2, the higher concentration of dissolved Mn, but also the higher pH, indicates that interstitial waters are supersaturated here with the Mn-bearing-carbonate phase. The peak of dissolved Mn is limited to the sample located near the top of S2. One can expect that shoulders of this peak should be present above and below this level due to the diffusive transport of the concentration anomaly. In a purely diffusive transport, the vertical distance z of the concentration anomaly growing ahead of the reductive dissolution zone depends on time t and the coefficient of diffusion D s according to the Einstein relation (Boudreau, 1997) , where z ϭ (2D s t) 0.5 . Considering an age of the turbidite S1 of four months, the concentration anomaly should be detectable about 7 cm above and below the top of S2. The peak of dissolved Mn is much thinner. Therefore, Mn 2ϩ is probably trapped as an authigenic phase close to the S1-S2 interface. This suggests that the current reductive dissolution of Mn-oxide at the paleo-interface produces an environment, which is temporarily supersaturated with a Mn-carbonate phase, probably due to kinetic effect of carbonates precipitation, but the Mn-carbonate becomes the definitive sink of Mn.
The profile of dissolved iron shows no peak at the top of S2. This suggests that, unlike Mn, Fe-oxides are not, or only very weakly, reduced at the paleo-interface. They appear to be more refractory and are not transformed to another authigenic phase within four months. Manganese oxides and oxyhydroxides are oxidants for Fe 2ϩ (Myers and Nealson, 1988; Postma, 1985; Hyacinthe et al., 2001) , which can explain the removal of Fe 2ϩ and a part of the reductive dissolution of particulate Mn.
iv. Nitrate and ammonia. The new oxic interface at the top of the sediment core presents a distribution of dissolved nitrogen species, which is common in hemipelagic sediments. We observe that nitrate is present in the oxygen-containing layer and then decreases downwards, whereas ammonia concentration is close to zero at the top of the core and increases downwards in the anoxic sediment. The presence of nitrate in the oxic layer is attributed to the succession of reactions that lead to the bacterial nitrification of organic N or ammonia that diffuses from below. The consumption of nitrate below the oxic layer is due to the bacterial denitrification. The presence of a peak of nitrate at 2.5 cm depth, below the oxic layer suggests that nitrate is produced anaerobically, probably from the oxidation of ammonia with manganese oxides as suggested in several recent studies (e.g. Hulth et al., 1999; Anschutz et al., 2000) .
The ammonia profile shows a smooth gradient from the bottom to the oxic layer. The classical explanation for this is that ammonia is produced from the anaerobic mineralization of organic N at depth. In the oxic layer, nitrifying bacteria oxidize ammonia with oxygen to nitrite and nitrate, and nitrate is subsequently reduced anaerobically to dinitrogen by denitrifying bacteria.
The top of unit S2, which corresponds to the paleo-oxic interface, presented probably similar profiles of dissolved nitrogen species prior to the deposition of unit S1, with high nitrate and low ammonia concentration. After four months, ammonia and nitrate profiles are smooth. They show no indication of the previous oxic condition. This indicates that nitrate has been rapidly consumed by denitrification, probably shortly after the consumption of all free oxygen. In the absence of O 2 , ammonia produced by organic-N mineralization was allowed to accumulate in the interstitial waters. Recent publications show that ammonia may also be directly oxidized by manganese oxide, either to dinitrogen (Luther et al., 1997; Hyacinthe et al., 2001) , or to nitrate in anaerobic sediments (Aller et al., 1998; Hulth et al., 1999; Anschutz et al., 2000) . Our profiles do not show these reactions, which should be marked by a minimum in the ammonia profile and a peak in the nitrate profile. However, the reduction of manganese oxide by ammonia cannot be excluded, first because it is thermodynamically feasible, second, because it has been observed in experiments (Hulth et al., 1999) and in the field (Deflandre et al., 2002) . In the present case the effects of this reaction are not shown in the profile of nitrogen species, because the high concentration of labile organic matter buried at this depth probably promotes competitive reactions such as rapid denitrification and efficient organic-N mineralization to ammonia. A peak of dissolved nitrate is observed above unit S2, in the sandy and organic-C depleted part of the unit S1. This layer also contains dissolved reduced species, which probably exclude the infiltration of oxic water to this depth to explain the presence of nitrate. Here, nitrate can be anaerobically produced from ammonia oxidation with Mn-oxides. The low concentration of organic-C at this depth prevents the following utilization of the nitrate for denitrification. This hypothesis may explain the peak of nitrate, but cannot be confirmed nor ruled out. Pore water sampling with a higher vertical resolution is needed to better constrain the interactions between nitrogen and the metals after the sudden burial of an oxic sedimentwater interface.
Conclusions
We have studied a sediment core collected in the axis of Capbreton canyon at 640 m depth. The sediment consists of a succession of three turbidite layers. Most available data suggest that the 18-cm-thick turbidite layer identified at the top was deposited only four months before core collection. The composition of the benthic foraminiferal fauna suggests that the benthic environment is still in a very early state of colonization four months after the turbidite deposition. Technitella melo, which has not been previously observed in the faunas of Capreton canyon, appears to be the first colonizing species. We speculate that this taxon is adapted to food-impoverished conditions dominating the benthic ecosystem in the days after turbidite deposition. The slightly more diverse fauna found in the top of unit 2 is more comparable to faunas found in other stations from the Capbreton canyon. We think that, as a consequence of repeated turbidite deposition, and the prolonged period of time needed for full ecosystem recovery, the canyon environments remain systematically in early stages of recolonization. Apparently the periods of time between the successive turbidites are too short to allow complete ecosystem recovery.
The top of the newly deposited turbidite forms an oxic layer, which is rapidly enriched in Mn-and Fe-oxides. The enrichment of manganese oxides is mostly due to the oxidation of dissolved Mn 2ϩ , which diffuses from below. The enrichment of iron oxides is partly explained by the oxidation of the upward flux of dissolved Fe 2ϩ , but the input of detrital iron oxide after the turbidite deposition appears to be important as well.
The distribution of redox-sensitive species clearly shows that anaerobic processes of organic matter mineralization rapidly occur in the turbidite layer and in the previous oxic sediment-water interface. Manganese oxides, which are buried under the new turbidite layer, are rapidly reduced. However, manganese remains trapped in the sediment as Mn-containing carbonates. Iron-oxides do not undergo significant reductive dissolution in the time frame observed. The behavior of nitrogen species needs further investigation.
